High-strength Cu-based bulk glassy alloys with a large supercooled liquid region in Cu-TM-Al (TM=Zr, Hf) ternary and quaternary systems were synthesized by copper mold casting. The maximum diameter was 3.0 mm for the Cu 50 Zr 45 Al 5 , Cu 52:5 Hf 40 Al 7:5 , Cu 50 Hf 42:5 Al 7:5 and Cu 50 Hf 22:5 Zr 22:5 Al 5 alloys. The glass transition temperature (T g ), temperature interval of supercooled liquid region ÁT x (¼T x À T g ) and reduced glass transition temperature (T g =T l ) are in the range from 701-781 K, 54-91 K and 0.61-0.63, respectively. The Cu-based bulk glassy alloys exhibit good mechanical properties, i.e., 102-128 GPa for Young's modulus, 1885-2370 MPa for compressive fracture strength, up to about 0.6% for compressive plastic elongation, and 550-670 for Vickers hardness. The finding of the new Cu-based bulk glassy alloys with large supercooled liquid region above 54 K, high reduced glass transition temperature above 0.60, and high fracture strength above 1885 MPa is encouraging for future development as a new type of bulk alloys which can be used as structural materials.
Introduction
It is known that amorphous alloys have characteristic physical and chemical properties such as high strength, high corrosion resistance and good soft magnetic properties, which are significantly different from the corresponding crystalline alloys. 1) However, the requirement of rapid solidification has lead to strict limitation of their material shape to ribbons, wires and powders and its limitation has restricted further extension of their application fields. Since the findings of glassy-type alloys with a large supercooled liquid region in Mg-Ce-Ni 2) and La-Al-Ni 3) systems, followed by the successes of producing bulk glassy alloys in the Ln-4) (Ln=lanthanide metals) and based systems by the copper mold casting method, much attention has been paid to the development of new alloy systems with high glassforming ability (GFA). As a result, bulk glassy alloy systems have been widely extended to Zr-, 6, 7) Fe-, 8) Pd-Cu-, 9) Co-, 10) Cu-Ti-11) Ni-Zr- 12) and Ni-Nb- [13] [14] [15] [16] [17] based alloys. However, there had been no data on the formation of Cu-based bulk glassy alloys which were defined as the alloy containing more than 50 at%Cu. In 2000, we succeeded for the first time in synthesizing Cu-based bulk glassy alloys in Cu-(Zr,Hf)-Ti systems. [18] [19] [20] [21] The Cu-based bulk glassy alloys were prepared in the diameter range up to 4 mm and exhibited high fracture strength and good ductility. However, a large supercooled liquid region was not observed for the Cu-based bulk glassy alloys, which limits on the capability of working in the supercooled liquid region. It is important to search for a new Cu-based bulk glassy alloy system, having a high-strength and a large supercooled liquid region. Recently, we have succeeded in synthesizing new Cu-based bulk glassy alloys exhibiting high strength and good ductility as well as a large supercooled liquid region. This paper intends to present the alloy systems in which new Cu-based bulk glassy alloys are formed by copper mold casting, and their thermal stability and mechanical properties. The reason for the high glassforming ability and high thermal stability of the supercooled liquid in the systems is also discussed.
Experimental Procedure
Multi-component Cu-based Cu-(Zr, Hf)-Al alloy ingots were prepared by arc melting the mixtures of pure Cu, Zr, Hf and Al metals in an argon atmosphere. The purity of metals was over 99.9 mass%. Glassy alloy ribbons with a cross section of 0:02 Â 1:5 mm 2 were produced by melt spinning the pre-alloyed ingots in an argon atmosphere. Bulk glassy alloys in a cylindrical rod form with diameters up to 5.0 mm were produced by the copper mold casting method. Glassy structure was examined by X-ray diffraction and the absence of micro-scale crystalline phase was confirmed by optical microscopy (OM). Thermal stability associated with glass transition, supercooled liquid region and crystallization was examined by differential scanning calorimetry (DSC) at heating rate of 0.67 K/s. Melting and liquidus temperatures were measured with a differential thermal analyzer (DTA) at a heating rate of 0.17 K/s. Vicker's hardness was measured using a microhardness tester under a load of 200 g. Mechanical properties were measured with an Instron testing machine. The gauge dimension of specimens was 2 mm in diameter and 4 mm in height for compressive test and the strain rate was 5 Â 10 À4 s À1 . The fracture surface was examined by scanning electron microscopy (SEM). Figure 1 shows the X-ray diffraction patterns of the cast Cu-based alloy rods with diameters from 2.0 to 3.0 mm. Only broad peaks are seen and the wave vector of the main broad peak is located at approximately 28.5 nm À1 which agrees with that for the corresponding melt-spun glassy ribbon. The X-ray diffraction data indicate that these bulk rods have a single glassy phase. Special Issue on Bulk Amorphous, Nano-Crystalline and Nano-Quasicrystalline Alloys-V #2004 The Japan Institute of Metals smooth outer surface and no concave due to the precipitation of a crystalline phase is observed. We also confirmed the absence of any crystalline phase on a micrometer scale over the whole transverse cross section by optical microscopy. Figure 3 shows DSC curves of the cast Cu-Zr-Al, Cu-Hf-Al and Cu-Zr-Hf-Al alloy rods. As marked with the glass transition temperature (T g ) and crystallization temperature (T x ), it is noticed that the glass transition and a large supercooled liquid region (ÁT x ¼ T x À T g ) are exhibited for all the alloys. We have confirmed that the T g , T x and heat of crystallization of the bulk glassy alloys are nearly the same as that for the corresponding melt-spun glassy ribbons, being consistent with the result obtained by X-ray diffraction. Table 1 summarizes the thermal properties and the critical sample thickness of the Cu-(Zr,Hf)-Al bulk glassy alloys. The T g , ÁT x and reduced glass transition temperature (T g =T l ) Formation and Mechanical Strength of New Cu-Based Bulk Glassy Alloys with large supercooled liquid regionare in the range from 701 to 781 K, 54 to 91 K and 0.61 to 0.63, respectively. As described above, the Cu-(Zr,Hf)-Al glassy alloys exhibited a high thermal stability of the supercooled liquid against crystallization and the high GFA leading to the formation of the bulk glassy rods with diameters up to 3.0 mm. It is well known that bulk glassy alloys with a large supercooled liquid region are formed in special alloy component systems with the following three empirical rules, 22, 23) i.e., (1) multi-component system consisting of more than three elements, (2) significant atomic size mismatches above about 12% among the three main elements, and (3) negative heats of mixing among their elements. The atomic sizes change in the order of Zr or Hf > Al > Cu and the atomic size ratio is 1.25 for Zr or Hf/Cu, 1.12 for Zr or Hf /Al and 1.10 for Al/Cu. 24) Furthermore, the heats of mixing is negative values of 1-44 kJ/mol for the atomic pairs of Zr or Hf-Al, Zr or Hf-Cu, and Cu-Al. 25) Thus, the data on the atomic size and the chemical bonding nature of the Cu-(Zr,Hf)-Al system indicate the satisfaction of the three empirical rules, leading to a high thermal stability of the supercooled liquid against crystallization and the high GFA. The mechanism for the stabilization of supercooled liquid for the alloys satisfying three empirical rules has been described in previous papers and reviews. 22, 23) Figure 4 shows the compressive stress-strain curve of the glassy alloys rods with a diameter of 2.0 mm. It is seen that the glassy alloys exhibit high fracture strengths of above about 1900 MPa and the distinct plastic strains. Table 2 summarizes the mechanical properties of the Cu-(Zr,Hf)-Al bulk glassy alloys. The Cu-(Zr,Hf)-Al bulk glassy alloys possess good mechanical properties, i.e., compressive fracture strength of 1885-2372 MPa, Young's modulus of 102-128 GPa, compressive plastic elongation of 0.0-0.6% and Vickers hardness of 546-673. It is noticed that the compressive fracture strength, Young's modulus and Vickers hardness show a dependence, i.e., a gradual increase in these strength values with increasing T g . It is interpreted that the T g of the glassy alloys reflects the bonding force among the constituent elements.
Results and Discussion
26) The fracture behavior and fracture surface appearance are exemplified in Fig. 5 for the Cu 50 Zr 45 Al 5 glassy alloy rod. The fracture occurs along the maximum shear plane which is declined by about 45 degrees to the direction of applied load (Fig. 5(a) ), and the fracture surface consists mainly of well developed vein pattern (Fig.  5(b) ). The feature of the fracture morphology is the same as that for the other bulk glassy alloys, indicates that the present new Cu-based bulk glassy alloys with much higher fracture strength are in a ductile state.
Summary
We have found that Cu-based bulk glassy alloys with diameters up to 3 mm are formed by copper mold casting for 
